Synopsis In temperate zones, the reproductive physiology of most vertebrates is controlled by changes in photoperiod.
Introduction
Most species living in temperate zones adapt their reproductive physiology to seasonal changes in the environment, by using changes in the photoperiod as a primary cue. In principle, the mechanisms for controlling photoperiodic gonadal response involve three steps: (1) input of photoperiodic information, (2) decoding of the photoperiodic information, and (3) regulation and transmission of neuroendocrine signals. Birds and mammals, which are well-studied vertebrate models for photoperiodic research, have distinct pathways for the first step (Fig. 1) . In birds, photoperiodic information is received by deep brain photoreceptors that regulate neuroendocrine functions (Silver et al. 1988; Saldanha et al. 1994) . Photoreceptive areas responsible for the photoperiodic response have been suggested to be the lateral septum and the mediobasal hypothalamus (MBH) (Kuenzel 1993) , because local illumination of these areas can stimulate testicular growth (Oliver and Bayle 1982) and opsin-like immunoreactivity is found in the cerebrospinalfluid-contacting neurons of these areas (Silver et al. 1988) . In contrast, in mammals, photoperiod is received by the eyes and transmitted to the pineal gland via the suprachiasmatic nucleus (SCN), which is a master biological clock, and translated into patterns of melatonin secretion that correlate with day length (Reiter 1980; Arendt 1995) (Fig. 1) . In birds, master biological clocks are located in the eyes, SCN, and pineal gland (Yoshimura et al. 2001) . The melatonin secretion profile generated in response to the photoperiodic signals received by the eyes and pineal gland also reflects the photoperiod, but it has little or no importance in regulating the photoperiodic gonadal response (Gwinner et al. 1997) . The second step is known to involve several brain regions in mammals, such as the SCN, which controls photoperiodic melatonin secretion (Klein 1985; Arendt 1995) , and the MBH-pars tuberalis (PT), which decodes melatonin signals (Lincoln 1999) . In contrast, in birds, the SCN is not required for measurement of photoperiodic time (Davies and Follett 1975) ; instead, MBH and PT appear to play an important role. The final step, i.e., neuroendocrine secretion, is regulated by the MBH and PT in both birds and mammals (Fig. 1) . The MBH comprises the infundibular nucleus (IN)/arcuate nucleus (ARC), inferior hypothalamic nucleus (birds), dorsomedial nucleus (DMN) (mammals), ventromedial nucleus (VMN) (mammals), and median eminence (ME), in which the terminals of gonadotropin-releasing hormone (GnRH) neurons are in contact with pituitary portal vessels. The MBH also contains the ependymal cell layer (EC) lining the infundibular recess of the third ventricle and an area adjacent to the tuberoinfundibular sulcus (TIS), where cell bodies and processes of tanycytes are located, respectively (Rodriguez et al. 2005) (Fig. 1) . PT is the rostral part of the adenohypophysis that encircles a part of the median eminence and extends along the hypophysial blood vessels. Earlier, MBH and PT were thought to regulate the gonadotropic and lactotropic axes, respectively (Follett 1984; Lincoln 1999) . This finding was reassessed recently, however, on the basis of data on functional genomics showing that MBH and PT act as a single complex. This review summarizes recent advances in the molecular studies of the regulation of the photoperiodic gonadal response via the MBH and PT that have revealed the conserved mechanisms of its regulation among birds and mammals.
Circadian clock in photoperiodism
The circadian clock is known to be involved in the regulation of photoperiodism in birds and mammals (Follett and Sharp 1969; Goldman 2001) . Circadian rhythms are generated by the cell-autonomous mechanism that involves circadian clock genes, which are the main molecular components of the master biological clocks (SCN in mammals; eyes, SCN, and pineal gland in birds). These genes interact via transcriptional/translational feedback loops (Reppert and Weaver 2002) . In mammals, the SCN is particularly important for the generation of photoperiodic melatonin profiles by mechanisms that may involve photoperiodic entrainment of the expression of clock genes and consists of morning and evening oscillators that are synchronized with dawn and dusk, respectively (Tournier et al. 2003; Johnston 2005; Johnston et al. 2005) . Although the expression profiles of clock genes in the SCN and the pineal gland are influenced by photoperiod in quail as well, they are not involved in inducing the successive photoperiodic response of the gonads .
Clock genes are also expressed in other regions of the brain and in peripheral tissues (Yamazaki et al. 2000; Abe et al. 2002; Nagoshi et al. 2004 ), generating circadian rhythmicity and thus leading to altered physiology and behavior (Balsalobre 2002) . It has been reported that clock genes are expressed in the MBH of quail with no difference in the temporal patterns of expression under various photoperiodic conditions . In mammals too, clock genes are expressed within the MBH, i.e., the ARC, VMN, DMN, and EC (Yamamoto et al. 2001; Kriegsfeld et al. 2003; Shieh 2003; Mieda et al. 2006; Yasuo et al. 2008) . Although almost all areas in the avian MBH express clock genes with similar temporal patterns , divergent patterns of expression are observed in the nuclei/areas within the Figure 1 Anatomical organization of the mechanisms underlying photoperiodic response in birds and mammals. In birds, photoperiod is perceived by deep brain photoreceptors, whereas in mammals it is perceived by the retina and transmitted to the pineal gland via the suprachiasmatic nucleus (SCN) by sympathetic innervation, leading to the secretion of melatonin at night. The duration of melatonin secretion correlates with length of night (LD, long days; SD, short days). Light or signals from melatonin reach the mediobasal hypothalamus (MBH) and pars tuberalis (PT), which are the controlling centers for photoperiodic regulation of the gonadotropic and lactotropic axes, respectively. The coronal section of the MBH and PT area is shown in the box below. MBH comprises tanycytes, whose cell bodies and processes are located in the ependymal cell layer (EC) lining the infundibular recess of the third ventricle (V) and an area adjacent to the tuberoinfundibular sulcus (TIS) in the median eminence (ME), respectively.
MBH of mammals: the expression levels of clock genes in the VMN and DMN are low, without daily rhythmicity (Messager et al. 2001; Yasuo et al. 2008) , whereas the levels in the EC are higher and rhythmic, as observed in Syrian hamsters ). This may suggest that different regions of the brain have specialized functions in mammals.
Another important area involved in regulating photoperiodism is the PT, which controls the photoperiodic responses of neuroendocrine functions and expresses high levels of MT1 melatonin receptor in all the mammalian species that have been examined thus far (von Gall et al. 2002b) . It is well established that clock genes are rhythmically expressed in PT, and the expression profiles are affected by photoperiod and by levels of melatonin in various mammalian species (Messager et al. 1999; Lincoln et al. 2002; Dardente et al. 2003; von Gall et al. 2005; Johnston et al. 2005 ). Thus, this structure is thought to transform the melatonin signals into neuroendocrine outputs through unidentified downstream factors such as tuberalin, which regulates prolactin secretion from the hypophysial pars distalis (PD) (Lincoln et al. 2003) . Clock genes are also differentially expressed in the PT of quail under various photoperiods . Interestingly, Cry1 expression was observed to be induced by a light stimulus during the photoinducible phase in quail , which was comparable to the rapid induction of Cry1 expression by melatonin in mammals Hazlerigg et al. 2004) . Moreover, the expression of Cry1 and Per2 was undetectable throughout the day when quail were kept under constant darkness Yasuo and Yoshimura, unpublished data) , indicating that the clock in the PT is driven by light. This finding is also comparable with that observed in mammals: clock genes are not expressed in the PT of MT1-deficient mice (von Gall et al. 2002a (von Gall et al. , 2005 .
Thyroid hormone conversion in the avian MBH as a key event
The initial experiments designed to identify key genes involved in the regulation of photoperiodism were conducted in Japanese quail since they show a most remarkable responsiveness to photoperiod: exposure to single long-day or light stimulus in the photoinducible phase under short days can increase luteinizing hormone (LH) secretion and testicular growth (Follett and Sharp 1969) . Using subtractive analysis, Yoshimura et al. (2003) observed the induction of Dio2 expression by a light pulse in the MBH of quail exposed to a light stimulus in the photoinducible phase. Under continuous longday conditions, Dio2 was found to be constitutively upregulated (Fig. 2) . Dio2 encodes the thyroid hormone-activating enzyme that converts prohormone T 4 to bioactive T 3 by the removal of iodine from the outer ring. Further analysis clarified that the expression of Dio3, which encodes the enzyme that inactivates T 3 by the removal of iodine from the inner ring, is suppressed under long-day conditions (Yasuo et al. 2005) . These reciprocal expression patterns of Dio2 and Dio3 occur during the first long day after transfer from short-day to long-day conditions (Yasuo et al. 2005) ; this leads to accumulation of high concentrations of T 3 in the MBH of quail kept under long-day conditions (Fig. 2) . The functional importance of this locally induced generation of T 3 in the MBH has been shown by intracerebroventricular (ICV) infusion of T 3 , which induced testicular growth in a dose-dependent manner Yamamura et al. 2006 ). These findings also indicated that the target area of peripherally injected T 3 and T 4 was the hypothalamus . Peripherally injected T 4 is more potent than T 3 ; this may be because T 4 is converted to T 3 and reverse T 3 , while T 3 is converted to 3,3 0 -diiodothyronine (T 2 ) in the blood (Chopra et al. 1978) . Alternatively, it may be related to the ability of T 4 and T 3 to cross the brain blood barrier (Kragie 1994) . In Japanese quail, a T 4 -specific transporter, namely, Oatp1c1 was detected in the MBH (Nakao et al. 2006 ). Dio2, Dio3, and Oatp1c1 were expressed in the tanycytes in the EC; this indicates the importance of tanycytes in regulating the photoperiodic gonadal response.
T 3 is involved in the structural organization of cells, such as cell migration and axonal growth, during the development of the brain (Bernal 2002) . In the MBH, T 3 also appears to contribute to the morphological activation of the gonadal axis since in birds, GnRH terminals are encased by the endfeet of glial cells under short days, whereas they are in close proximity to the basal lamina under long days (Fig. 2) . A similar morphological change was observed when T 3 was infused in the MBH (Yamamura et al. 2006 ). This T 3 function appears to be regulated through the thyroid hormone receptors that are probably localized in the glial cells of the MBH Yamamura et al., unpublished data) .
The significance of thyroid hormones in seasonal reproduction
It has been known for over the past 30 years that thyroid hormones are necessary for the seasonal cycle of reproduction in birds and mammals (Nicholls et al. 1988a (Nicholls et al. , 1988b . It was originally shown in birds (e.g., starlings and quail) that thyroidectomy prevents the development of photorefractoriness (Wieselthier and van Tienhoven 1972; Goldsmith and Nicholls 1984; Dawson et al. 1985; Follett and Nicholls 1985) , and that T 4 treatment can induce a state of photorefractoriness in thyroidectomized birds Goldsmith et al. 1985) . However, it is of note that the effects of thyroidectomy are contradictory among some reports (Dawson et al. 2001) . Such a role of thyroid hormones has been extended to mammals including sheep , red deer (Shi and Barrell 1992) and Syrian hamsters (Vriend 1985) . In the ewe, a short-day breeder, thyroid hormones are essential for the transition from the breeding season to anestrus . In both birds and mammals, levels of thyroid hormones in circulation fluctuate photoperiodically (Sharp and Klandorf 1981; Dawson 1984; Webster et al. 1991) ; however, this is not usually considered as the driving Figure 2 Photoperiodic changes in expression of Dio2 and Dio3 in the MBH of Japanese quail and a schematic model for the regulation of GnRH secretion by thyroid hormones. During long days, Dio2 expression is induced and Dio3 expression is suppressed, whereas the opposite patterns of expression are observed in short days. Dio2 catalyzes the conversion of thyroxine (T 4 ) into bioactive triiodothyronine (T 3 ) by the removal of iodine from the outer ring, while Dio3 converts T 3 into T 2 by the removal of iodine from the inner ring. Thus, the balance between Dio2 and Dio3 determines the T 3 levels in the MBH. High levels of T 3 eventually change the morphological interaction between GnRH terminals and glial endfeet with the basal lamina, allowing GnRH to be secreted into portal vessels. Scale bars, 2.5 mm.
factor in the subsequent changes of gonads; rather thyroid hormones act as a permissive factor for the photoperiodic response Bentley et al. 1997 ).
Thyroid hormones have been known to act within the brain to control the gonadal axis, since central infusion of thyroid hormones in thyroidectomized animals can promote the neuroendocrinal changes that lead to anestrus in the ewe (Viguie et al. 1999 ) and can restore all components of seasonality in American tree sparrows (Wilson and Reinert 2000) . Further analysis using T 4 replacement via microimplants in various regions of the brain of thyroidectomized ewes clarified that the ventromedial preoptic area and the premammillary region are target areas for thyroid hormones (Anderson et al. 2003) . The premammillary region (an area within the MBH) is also the target site for melatonin signaling for mediating reproductive activity in the ewe (Malpaux et al. 1998) . Molecular data also illuminate the importance of hypothalamic thyroid hormones in mammals: in Siberian hamsters, expression of T 4 -binding proteins (transthyretin, T 4 -binding globulin, albumin) in the hypothalamus is found to be downregulated in photorefractory animals compared to that in photosensitive animals (Prendergast et al. 2002) .
Conserved role of thyroid hormone conversion in mammalian MBH
From the significance of thyroid hormones for the seasonal reproduction in birds and mammals, it is expected that Dio2 and Dio3 are key genes involved in the photoperiodic gonadal response not only in birds but also in mammals. This was proven by a number of studies following the first report ) that demonstrated that a long-day stimulus induced Dio2 expression in the EC and TIS (tanycytes) in Siberian hamsters. Such photoperiodic changes can be detected only when hamsters are transferred from short-day to long-day conditions; however, Dio2 expression is not suppressed when adult animals are transferred from long-day to short-day conditions (Barrett et al. 2007; Watanabe et al. 2007 ). The photoperiodic changes in Dio2 expression (i.e., high levels under long-day conditions and low levels under short-day conditions) have also been reported in Syrian hamsters (Revel et al. 2006; Yasuo et al. 2007b ) and Fischer 344 rats (Yasuo et al. 2007a ). In Syrian hamsters, Dio2 is expressed rhythmically under long-day conditions, with a peak during the light phase (Yasuo et al. 2007b ); this rhythmicity could possibly be associated with the photoperiodic clock located in the EC or the SCN (Kalsbeek et al. 2005) , although no daily rhythmicity in the expression of Dio2 is observed in birds . Dio3 expression was suppressed under long days in Siberian hamsters (Barrett et al. 2007; Watanabe et al. 2007 ) and Fischer 344 rats (Yasuo and Yoshimura, unpublished observation), but not in Syrian hamsters kept under short-day and long-day conditions (Barrett et al. 2007 ). These data suggest that the most important effect induced by photoperiodic changes in rodents is variation in T 3 levels; however, the relative contribution of Dio2 and Dio3 genes varies among species. In effect, T 3 would activate the gonadal axis in rodents in a manner similar to that observed in birds, since under short days, daily subcutaneous injection of T 3 can induce testicular growth (Freeman et al. 2007 ) and chronic replacement of T 3 in the hypothalamus prevents the onset of testicular regression in Siberian hamsters (Barrett et al. 2007) .
Although birds receive photoperiodic information via deep brain photoreceptors, in mammals it is translated into melatonin signals. Thus, regulation of Dio2 by melatonin is crucial for the photoperiodic signal transduction cascade in mammals. Indeed, Dio2 expression was suppressed under long days in Siberian and Syrian hamsters after daily administration of melatonin injections in the late afternoon-a treatment that mimics short-day-like patterns of melatonin secretion Revel et al. 2006; Yasuo et al. 2007b) . Notably, this suppression occurred within 20 h after the first melatonin injection (Yasuo et al. 2007b) ; this is comparable with the observation in quail, wherein Dio2 expression is induced within 16 h after the dawn of the first long day (Yasuo et al. 2005) . Although gonadal response to photoperiod is much faster in quail (1 day for LH secretion and few days for gonadal size) than that in hamsters (6-8 weeks for gonadal size), the responsiveness of molecular components in the hypothalamus appears to be conserved among birds and mammals; weak sensitivity to thyroid hormone signals might be the cause of slow gonadal response in mammals.
TSH-a trigger signal from the pars tuberalis
The mechanism of how photoperiodic signals lead to, and alter, the expression of Dio2 and Dio3 remains to be elucidated. In quail, the signal transduction cascade in response to photoperiod is known to be activated when the light stimulus meets the photoinducible phase. This phase begins at around zeitgeber time 12 (ZT; ZT0 corresponds to light onset, i.e., ZT12 represents 12 h after the light onset) in the first long day (Follett 1984) ; however, Dio2 expression is induced at around ZT16. What happens during this time interval is not yet known.
Recently, Yoshimura and colleagues addressed this issue by microarray analysis in quail transferred from short-day to long-day conditions using the punchedout tissue containing the MBH and PT of quail (Nakao et al. 2008) . After the quail were transferred to long-day conditions, expression of 2 genes (TSHand eyes absent 3, i.e., EYA3) was induced, and their levels transiently increased at around ZT14-a first wave. Then, the expression of 11 genes, including Dio2 and Dio3, was induced or suppressed-a second wave-approximately 4 h after the induction of TSH-and EYA3 (Fig. 3A) . Notably, the first wave was detected in the PT, whereas the second wave was detected in the MBH (Fig. 3B) , implying the functional connection between PT and MBH. The first-wave gene, EYA3 encodes a transcriptional co-activator involved in the development of the eye. This co-activator forms a nuclear complex with Six (sine oculis)-binding homeodomain factor and DACH (dachshund) nuclear cofactor (Revey et al. 2005) . The transcriptional co-activator is expected to function within the same cells, and hence, it is unlikely that EYA3 mediates the connection between the PT and the MBH. On the other hand, TSH-elicits biological response in the form of a dimer (TSH) with a common glycoprotein subunit (CGA); the dimer activates the heterotrimeric G protein-coupled receptor, namely, TSH receptor (TSHR). TSH-immunoreactivity was detected in the PT after the induction of its mRNA, and expression of TSHR as well as binding of [
125 I]-TSH was observed in the PT and EC (Nakao et al. 2008) . Therefore, it appears that the TSH produced in the PT stimulates the EC to regulate second-wave genes, thus, triggering the photoperiodic gonadal response (Fig. 3C) . This hypothesis was proven by the induction of Dio2 and other second-wave genes after ICV injection of TSH, and by the inhibition of these genes after ICV injection of anti-TSH-IgG (Nakao et al. 2008 ). This induction of Dio2 appeared to be mediated via the cAMPmediated pathways since TSH induced the promoter activity of the quail Dio2 gene only in the presence of intact cAMP-responsive elements (Nakao et al. 2008 ). This inference is in agreement with the results of the study on Dio2 regulation in human thyroid gland, which demonstrates the involvement of the TSHR-Gs-cAMP regulatory cascade (Murakami et al. 2001 ).
Mammalian studies for TSH derived from the PT TSH-expression and TSH-immunoreactivity in the PT have long been known to be regulated by photoperiod and by melatonin levels in Siberian hamsters (Wittkowski et al. 1988; Bockmann et al. 1996) , but the function of TSH-derived from the PT remained unclear. Several studies demonstrated that the features of TSH cells in the PT are distinct from thyrotrophs in the PD: (1) TSH cells in the PT and thyrotrophs in the PD have distinct morphologies and secretory activity (Wittkowski et al. 1992) ; (2) TSH protein is co-localized with MT1 melatonin receptor mRNA in the PT (Klosen et al. 2002) , whereas melatonin receptors are absent in the PD; (3) photoperiod-induced TSH-like immunoreactivity is only observed in the PT (Wittkowski et al. 1988 ); (4) in sheep, thyrotropin-releasing hormone receptors and T 3 receptors, which are expressed in the thyrotrophs in the PD and regulate the transcription of TSH-, are absent in the PT (Bockmann et al. 1997 ). In addition, melatonin receptors are not expressed in the EC at the sites where the Dio2 and Dio3 genes are expressed (Schuster et al. 2000; Song and Bartness 2001) . Thus, it can be hypothesized that TSH in the PT is specialized for transmitting signals for photoperiodic regulation by stimulating the hypothalamus. This hypothesis is confirmed by the findings of Hanon et al. (2008) : TSHR is expressed in the EC and PT, and TSH induced Dio2 expression in the EC/PT/ME in vitro (primary culture) as well as in vivo (infusion in lateral ventricles) conditions. These new insights into the role of TSH in the regulation of photoperiodic gonadal response in PT suggest that PT is involved not only in the regulation of prolactin secretion by ''anterograde'' action via PD but also in the regulation of the gonadal axis by ''retrograde'' action via the hypothalamus.
Retrograde transport of TSH from the pituitary to the hypothalamus
The above-mentioned mechanisms for the regulation of TSH-and second-wave genes are based on the observation that TSH produced in the PT could be retrogradely transported to the hypothalamus. The portal vessels within the hypothalamo-hypophysial system transport blood only from the capillaries of the ME to the pituitary gland; however, there are possible mechanisms for the flow of materials from the pituitary to the brain (Krieger and Liotta 1979; Mezey et al. 1979 ). This could be through the vascular system, extracellular-fluid space, or cellular connections. In particular, tanycytes may play an important role in connecting the cerebrospinal fluid and portal capillaries in the ME (Rodriguez et al. 2005) and in directly contacting with the PT cells (Fitzgerald 1979) . The capacity of these cells for bidirectional transport between portal vessels and the third ventricle has already been reported (Nakai and Naito 1975) and is supported by a study demonstrating that TSH can be detected in the cerebrospinal fluid and brain in mammals (Shaub et al. 1977; Hojvat et al. 1982 ).
Mice as animal models for elucidating the molecular mechanisms of photoperiodism
In some species of mice (e.g., white-footed mice, Peromyscus leucopus, from Connecticut but not from Georgia) gonadal inhibition has been observed after exposure to short-day conditions or melatonin treatment (Lynch et al. 1981; Heath and Lynch 1982; Trainor et al. 2006) . In contrast, laboratory mice (Mus musclus) are considered to be insensitive to photoperiod, although mice are excellent animal models for elucidating the molecular mechanisms underlying various physiological functions (transgenic and gene-knockout mice). Most genetic manipulations are performed in mice with the C57BL/6J or 129/Sv genetic background. However, these strains do not produce detectable levels of melatonin due to a truncation in arylalkylamine N-acetyltransferase, which controls melatonin synthesis (Ebihara et al. 1986; Goto et al. 1989; Roseboom et al. 1998 ). Due to these features, they are considered inappropriate for investigating photoperiodism.
Recently, this conception has been proven false; in melatonin-proficient CBA/N mice, exposure to long days induced TSH-expression in the PT and Dio2 expression in the EC but suppressed Dio3 expression in the EC, even though no effect was observed in gonadal size (Ono et al. 2008 ). In addition, although photoperiodic responses of these genes were not observed in melatonin-deficient C57BL/6J mice, administration of melatonin under long-day conditions elicited the same patterns of expression of TSH-, Dio2, and Dio3 as those observed in CBA/ N mice kept under short-day conditions (Ono et al. 2008) . This study has established that mice are suitable models for investigating molecular mechanisms of photoperiodism at the hypothalamohypophysis level and has opened avenues for using even genetically manipulated mice for such purposes.
In mammals, two melatonin receptors (MT1 and MT2) have been cloned (for review, see von Gall et al. 2002b ) and additional melatonin binding sites (MT3) have been suggested (Boutin et al. 2005) . Using the merit of mice model, MT1 melatonin receptor was crucially identified as the receptor that mediates the effects of melatonin on the photoperiodic signal transduction (Yasuo et al. 2009 ): the effects of photoperiod and/or melatonin on the expression of Dio2 and Dio3 were totally abolished in mice with targeted disruption of MT1 and of both MT1 and MT2, whereas these effects remained in mice with targeted disruption of MT2. These results are reasonable, since in Siberian hamsters, the MT2 receptor gene cannot encode a functional receptor because of two nonsense mutations within the coding region (Weaver et al. 1996) .
Further studies have been performed to prove the involvement of thyrotropin signaling in the photoperiodic response in mice. Similar to the observations in quail and sheep, TSHR was expressed in the EC and PT, and ICV injection of TSH induced Dio2 expression in the EC in a dose-dependent manner (Ono et al. 2008) . In TSHR-knockout mice fed with a diet supplemented with thyroid powder in concentrations that produce serum T 3 and T 4 in the normal range of levels (Marians et al. 2002) , the effects of melatonin administration on expression of TSH-, Dio2, and Dio3 were abolished (Ono et al. 2008 ). However, the overall level of TSHexpression in the PT of the TSHR-knockout mice was constitutively lower than that in wild-type mice. This suggests that a positive-feedback mechanism activates the TSH-gene by TSHR in the PT, which is supported by the observation in sheep that TSH increases cAMP and Dio2 levels of expression in the PT and ME (Hanon et al. 2008) . Thus, thyrotropin signaling appears to be crucial for the photoperiodic response of genes in the hypothalamo-hypophysial system of mice.
An enigmatic question: is decoding melatonin signals based on duration or coincidence hypotheses in mice?
Melatonin is rapidly metabolized in the circulation (half-life: 10 min; Vanecek 1998 ). An interesting observation in studies of mice is that daily injection of melatonin (not timed infusion) in melatonindeficient C57BL/6J can regulate the expression of TSH-, Dio2, and Dio3. Generally, such administration of melatonin (daily injections in late afternoon under long days) is supposed to mimic the pattern of melatonin secretion during short days by increasing the duration of melatonin secretion by endogenous mechanisms observed in melatonin-proficient species like hamsters. Why does it have similar effect in melatonin-deficient mice? It may be assumed that even though C57BL/6J mice produce low concentrations of melatonin, they have the ability to increase the duration of melatonin secretion and regulate the expression of TSH-, Dio2, and Dio3. However, this assumption is unlikely to be correct because in C57BL/6J mice, the expression of these genes is not affected by photoperiod (Ono et al. 2008 ) and the rhythmic expression of Per1 in the PT, which is dependent on melatonin signaling (Messager et al. 2001; von Gall et al. 2005) , is also completely absent (Stehle et al. 2002) . The other possibility is that melatonin elicits its effects on the expression of TSH-, Dio2, and Dio3 during the melatoninsensitive phase that is regulated by a circadian clock and which occurs in late afternoon. Coincidence hypothesis, which explains this mechanism (Pitrosky et al. 1995; Goldman 2001) , has been proposed in parallel with the duration hypothesis, which explains the mechanism of melatonin action on photoperiodic physiology, i.e., by increasing the duration of melatonin secretion regardless of its association with a specific circadian phase (Bartness et al. 1993) . It would be interesting to elucidate whether the regulation of the key genes for the photoperiodic responses in the hypothalamohypophysial system is based on sensitivity to melatonin in a similar manner to that in birds in which photoperiodic time is measured by a photoinducible phase-based mechanism.
Conclusion
Comparisons of studies performed in birds and mammals could successfully reveal the molecular gene cascade regulating the photoperiodic response of gonads. The basic photoperiodic mechanisms have been observed to be highly conserved between birds and mammals. Further cross-taxa analysis among vertebrates is required for elucidating the evolution of photoperiodic mechanisms.
